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In previous studies the utilisation of spatial frequency information in face perception has been investigated by using static
recognition tasks. In this study we used a visual search task, which requires eye movements and fast identiﬁcation of previously
learned facial photographs. Using Fourier phase randomisation, spatial information was selectively removed without changing the
amplitude spectrum of the image. Fourier phase was randomised within one-octave wide bands of nine diﬀerent centre spatial
frequencies (2–32 c/face width, 0.63–10.1 c/deg). In a control condition no randomisation was used. All stimuli had similar contrast.
Search times and eye movements during the search were measured. The removal of spatial information by phase randomisation at
medium spatial frequencies resulted in a considerable increase of search times. In the main experiment the maximum of the search
times occurred between 8 and 11 c/face width. The number of eye ﬁxations behaved similarly. In an additional experiment with a
threefold viewing distance the search times increased and the maximum of the search times shifted slightly to lower object spatial
frequencies (5.6–8 c/face width). This suggests that the band of spatial frequencies used in face search is not completely scale in-
variant. The results show that information most important to face search is located at a limited band of mid spatial frequencies. This
is consistent with earlier studies, in which non-dynamical face recognition tasks and low-contrast stimuli have been used.
 2003 Elsevier Ltd. All rights reserved.
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identiﬁcation1. Introduction
Selective utilisation of spatial information may be one
possible way to reduce the large amount of visual in-
formation encountered in real life object recognition.
Therefore, by investigating which spatial information is
most critical in diﬀerent visual tasks, we may get insight
into the stimulus attributes that are most relevant to
object recognition. There are several studies of the util-
isation of spatial frequency information in face recog-
nition. In these studies static recognition tasks have been
used, often with stimuli of relatively low contrast. In this
study we investigated, which spatial frequencies are
critical in a more dynamical face search task, which
requires eye movements and fast processing of facial
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doi:10.1016/S0042-6989(03)00459-01.1. Mid spatial frequencies are important in the recog-
nition of faces
Previous psychophysical studies have shown that
stimulus information used in face recognition may be
mediated by a limited band of mid spatial frequencies
(see e.g. Costen, Parker, & Craw, 1996; Fiorentini,
Maﬀei, & Sandini, 1983; Gold, Bennett, & Sekuler,
1999; Harmon & Julesz, 1973; Hayes, Morrone, & Burr,
1986; N€as€anen, 1999; Peli, Lee, Trempe, & Buzney,
1994; Tieger & Ganz, 1979). However, the estimates of
the centre frequency of the critical spatial frequency
band vary (for review, see e.g. introduction section in
Gold et al., 1999).
Hayes et al. (1986) measured the recognition of
photographic band-pass ﬁltered facial images. The task
of the observer was to indicate which of the four pos-
sible target faces was presented. Each face was shown
either from straight ahead, or from 30 deg angle to the
left or right. There was no training before the experi-
ment. The centre frequencies of the band-pass ﬁlters
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best recognition accuracy, that is, the proportion of
correct answers, was found for images centred to 12.5
and 25 c/face width. Fiorentini et al. (1983) investigated
the accuracy of the recognition of low-pass or high-pass
ﬁltered facial photographs. Their stimuli were photo-
graphs of nine young men. Before the experiments the
subjects rehearsed the names corresponding to the un-
ﬁltered target faces. In the experiment the ﬁltered images
were presented for 100 ms. Subjects were required to
indicate, which of the nine faces was presented. Fio-
rentini et al. found that the number of errors was larger
for images that contained spatial frequencies below 5
c/face width than for images that contained spatial fre-
quencies between 5 and 15 c/face width. On the other
hand, images that contained only spatial frequencies
below 8 c/face width or frequencies between 8 and 15
c/face width were equally accurately recognised. Costen
et al. (1996) measured the accuracy of identiﬁcation of
previously learned faces manipulated with low-pass ﬁl-
tering, block averaging (i.e. pixelising), and high-pass
ﬁltering. Before the experiment the subjects were taught
to identify the six unﬁltered target faces. In the experi-
ment, ﬁltered images were shown for 100 ms, and sub-
jects indicated which of the targets was presented. The
proportion of correct answers and reaction time for the
correct identiﬁcation of faces was measured. The cut-oﬀ
frequencies of the ﬁlters used were 4.5, 6, 11.5, and 22.5
c/face width. Costen et al. found a drop in recognition
accuracy, as the cut-oﬀ frequency in the low-pass con-
dition decreased to 4.5 c/face width, and in high-pass
condition increased above 11.5 c/face width. Therefore,
they concluded that the critical spatial frequency band
for face identiﬁcation is located somewhere between 8
and 16 c/face width. Further, Peli et al. (1994) studied
the eﬀects of image enhancement for face recognition in
low-vision patients. In their ﬁrst experiment they mea-
sured the critical spatial frequencies for recognition of
images of celebrities in observers with normal vision by
using low-pass ﬁltering. Photographs of 50 celebrities
and 40 unfamiliar people were used as stimuli. Subjects
indicated on a six-level scale their conﬁdence in recog-
nising a ﬁltered facial image as a celebrity. The ratings
for ﬁltered and unﬁltered images were compared. They
found that spatial frequencies around 8 c/face height
were suﬃcient for face recognition.
N€as€anen (1999) investigated the bandwidth of spatial
frequency information used in the identiﬁcation of pre-
viously learned facial images by using a band-pass noise
masking technique. He measured threshold signal-
to-noise ratio as a function of the centre spatial fre-
quency of narrow-band additive spatial noise. The
maximum of relative sensitivity of identiﬁcation derived
from this data was found to be at 8–13 c/face width. In
addition, he also used Fourier phase randomisation of
spatial frequency information within narrow bands withdiﬀerent centre frequencies. He found the greatest in-
crease of contrast energy thresholds (i.e. the worst
identiﬁcation performance) when the Fourier phase
spectrum around 8 c/face width was randomised. Fur-
ther, he measured contrast energy thresholds for the
identiﬁcation of band-pass ﬁltered facial images and
found the lowest thresholds (i.e. the best identiﬁcation
performance) for band-pass ﬁltered images with centre
spatial frequency around 10 c/face width. He concluded
that most of the information used in the face identiﬁ-
cation task is collected from a narrow band (<2 octaves
at half height) of spatial frequencies with centre spatial
frequency at 8–13 c/face width.
Spatial frequency information is selectively utilised
also in the recognition of other object classes, for ex-
ample letters. Solomon and Pelli (1994) found that noise
at 3 c/letter height masks letter identiﬁcation more than
noise at lower or higher spatial frequencies (see also
Majaj, Pelli, Kurshan, & Palomares, 2002). Therefore,
the selective utilisation of spatial frequency information
can be a general property of recognition of diﬀerent
kinds of objects despite the fact that diﬀerent object
classes, e.g. letters and faces, are ultimately processed in
diﬀerent regions of the ventral object recognition system
in the brain (see e.g. Allison, Puce, Spencer, & McCar-
thy, 1999; Haxby, Hoﬀman, & Gobbini, 2000).
1.2. Visual search for complex objects
Visual search, where a previously learned target is
searched among distracters, is a common visual task in
every day life. It is important in many situations, for
example when we are looking for a certain person at a
railway station or a pencil on the desk. Simple visual
search tasks have also been used as an experimental
paradigm in studying the mechanisms of selective at-
tention (see e.g. Duncan & Humphreys, 1989; Treisman
& Gelade, 1980; Wolfe, 1994, 1998b; see also Wolfe,
1998a). Visual search requires joint functioning of many
brain areas, for example areas responsible for early
visual information processing, object recognition, eye
movement coordination, selective attention, long-term
memory, and possibly working memory (e.g. Chelazzi,
Duncan, Miller, & Desimone, 1998; Chelazzi, Miller,
Duncan, & Desimone, 1993; Desimone & Duncan, 1995;
Leonards, Sunaert, Van Hecke, & Orban, 2000; see also
Ungerleider, Courtney, & Haxby, 1998).
When targets and distracters in a stimulus array are
relatively similar to each other, or the number of di-
stracter items (i.e. set size) is large enough, multiple eye
ﬁxations are needed to localise the target. This kind of
visual search is often called ‘‘serial’’, as opposed to
‘‘parallel’’ or ‘‘pop out’’ search, which is fast and nearly
independent of the stimulus set size. In serial search the
search time increases with increasing set size. This is the
case also for the visual search for faces (Brown, Huey, &
H. Ojanp€a€a, R. N€as€anen / Vision Research 43 (2003) 2505–2515 2507Findlay, 1997; Kuehn & Jolicoeur, 1994; see also
N€as€anen & Ojanp€a€a, 2001).
Multiple eye ﬁxations are needed in the visual search
for complex objects, because visual acuity declines with
increasing eccentricity (see e.g. Wertheim, 1891, trans-
lated into English by Dunsky, 1980; see also Curcio &
Allen, 1990; Curcio, Sloan, Kalina, & Hendrickson,
1990). This decline ultimately limits the area that can be
processed in suﬃcient detail during a single eye ﬁxation.
Additional limitations arise e.g. from restricted atten-
tional capacity and possibly lateral interactions among
stimulus elements.
The size of the area that can be processed within
single eye ﬁxation is called visual span or perceptual
span (for a review see e.g. introduction section in
Ojanp€a€a, N€as€anen, & Kojo, 2002). The size of the span
for a given task can be estimated by measuring the
number of ﬁxations needed to perform the task. In
earlier studies, the size of the visual span for letter
stimuli has been shown to depend on the visibility of the
letters (see e.g. Legge, Ahn, Klitz, & Luebker, 1997;
N€as€anen, Ojanp€a€a, & Kojo, 2001).
1.3. Purpose of the study
We investigated the utilisation of spatial frequency
information in visual search for target faces in an array
of distracter faces. The purpose was to determine,
whether the selective use of spatial frequency informa-
tion also applies to tasks that require eye movements
and fast recognition of faces, and therefore, resemble
more the natural face perception situations than static
tasks. We manipulated spatial frequency information by
using the Fourier phase randomisation technique, which
preserves the amplitude spectrum and a relatively high
contrast of the facial stimuli. We also investigated how
the manipulation of spatial frequency information af-
fects eye movements during search. Eye movements
were measured to determine whether the possible eﬀects
in search time are caused by an increase in the number
of ﬁxations, increase in the duration of ﬁxations, or
both. An increase in the number of ﬁxations would
suggest that the perceptual span, that is, the area that
can be processed within single ﬁxation, is reduced. On
the other hand, an increase in the ﬁxation duration
would suggest that the processing time during ﬁxation,
rather than the span, is aﬀected.2. Methods
2.1. Subjects
Three voluntary subjects, aged 25, 31, and 51 years,
participated in the experiments. Two of them were fe-
males. All subjects had normal contrast sensitivity, visualﬁelds, and normal or corrected to normal visual acuity.
Subjects HO and RN were the authors of this paper.
Subject AH was naive as regards the goals of the study.
2.2. Apparatus
The stimuli were generated by using a PC computer
with a 300 MHz Pentium processor. The computer was
running under the Windows 2000 operating system. The
display used was a 21 in. CRT colour display (Sony
Trinitron GDM-F500). The graphics adapter was used
at a resolution of 1152 · 864 pixels and a frame rate of 85
Hz. The pixel size of the display was 0.0273 · 0.0273 cm2.
The average luminance of the grey background was 41
cd/m2. The measurements were done in a dim room
where the only light source was the monitor. The viewing
distance used was 57 cm in the main experiment and 171
cm in an additional experiment. A chin rest was used to
stabilise the observers head and viewing distance.
2.3. Stimuli
The stimuli were 4 · 4 rectangular arrays consisting of
16 black-and-white facial photographs of men (see Figs.
1 and 2). The set size was chosen to be large enough to
require multiple eye movements (N€as€anen & Ojanp€a€a,
2001) but to ﬁt well into the display area. The persons
in the photographs were not previously known to the
subjects. In each stimulus array there were 15 distracter
faces and one target face in a randomly selected posi-
tion. For each stimulus presentation, the target face was
randomly selected from the set of six possible target
faces. Similarly, each distracter face was randomly se-
lected from the set of 15 faces. The size of a single facial
image in an array was 128 · 128 pixels (3.49 deg) and the
width of a face in each image was about 116 pixels (3.17
deg). Fig. 1 shows the example of the layout of the
screen during stimulus presentation.
The spatial information available in the stimuli was
manipulated by using Fourier phase randomisation (see
e.g. Oppenheim & Lim, 1981; Piotrowski & Campbell,
1982) in one-octave wide bands of diﬀerent centre spa-
tial frequencies. The centre spatial frequencies of the
phase randomised bands were 2, 2.8, 4, 5.6, 8, 11, 16, 23,
and 32 c/face width (0.63, 0.88, 1.26, 1.77, 2.53, 3.47,
5.05, 7.26, and 10.10 c/deg, respectively). In the discrete
Fourier transform, the phase spectrum within a band
was replaced by random numbers, which were evenly
distributed between 0 and 360 deg. The randomisation
resulted in the absence of useful spatial information
within the band. However, the natural Fourier ampli-
tude spectrum and contrast of the stimuli remained
unaltered. Fig. 2 shows examples of the three stimulus
arrays with diﬀerent centre frequency of the Fourier
phase randomisation. In a control condition, stimuli
without phase randomisation were used. The mean
Fig. 1. Procedure. The task of the subject was to search for and identify a single target face shown in an array of distracter faces. The ﬁxation cross
was visible for 500 ms before each search trial. The duration of the stimulus presentation was varied by using a staircase algorithm (see text for
details). After stimulus presentation the subject indicated his/her response by pressing the corresponding graphical button with mouse. The number
associated to each of the six possible target faces was trained beforehand. A stimulus array with Fourier phase randomisation at a centre spatial
frequency of 8 c/face width is shown.
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0.25. RMS contrast cRMS is deﬁned as
cRMS ¼ 1NM
XN1
x¼0
XM1
y¼0
c2ðx; yÞ
 !" #0:5
;
where N and M are number of pixels in the image,
cðx; yÞ ¼ ½Lðx; yÞ  Lmean=Lmean, Lðx; yÞ is the luminance
at location ðx; yÞ, and Lmean is the mean luminance.2.4. Procedure
The task of the subject was to search for and identify
a single target face shown in an array of distracter faces
(see Fig. 1). The target could be any of the six pre-
learned target faces with equal probability. Each stimulus
presentation was preceded and followed by a ﬁxation
cross, which was presented in the middle of the display.
The observers were instructed to ﬁxate at the cross be-
fore stimulus presentation. The presentation time of the
stimulus array was manipulated with a staircase algo-
rithm to determine the threshold search time, that is, the
time required to ﬁnd the target face with a certain
probability (see Section 2.5).Close to the left-hand edge of the screen there was an
array of graphical buttons, one button for each of the
target faces. After stimulus presentation the subject in-
dicated her/his choice by pressing with the mouse the
numbered graphical button corresponding to the face
they found. An auditory feedback signal was given when
the observers choice was incorrect. After the unspeeded
response, a new stimulus array was presented after a
delay of 500 ms. Therefore, the subject had enough time
to ﬁxate on the ﬁxation cross before a new stimulus was
presented. The subject was advised to guess if she/he did
not ﬁnd the target during the (variable) duration of the
stimulus presentation.
Before the experiment, the subjects learned the asso-
ciation between the six target faces and correspondingly
numbered buttons. They ﬁrst memorised the target faces
with the help of printed photographs, which were ar-
ranged similarly to the buttons in the display. They
practised the task until they perfectly remembered the
correspondence between faces and numbered buttons.
2.5. Estimation of threshold search time
The duration of the stimulus presentation was con-
trolled by using the following method. Threshold search
Fig. 2. Examples of three diﬀerent stimulus arrays with Fourier phase
randomisation. The centre frequencies of randomised one-octave wide
bands are 2.8, 11, and 23 c/face width. The viewing distances of 28.5
and 85.5 cm correspond to the angular size of the stimuli used in main
experiment and in an additional experiment, respectively.
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target face with certain probability, was determined
by using a multiple alternative staircase algorithm
(Wetherill & Levitt, 1965; see also Levitt, 1971; Tre-
utwein, 1995). We used the three-down-one-up version
of the algorithm, which estimates the presentation time
for which the probability of correct responses is 0.79. At
ﬁrst, the array was visible for 4000 ms, and the presen-
tation time of the next stimulus array was reduced by a
factor of 1.26 (0.1 log units) after each correct response
and increased similarly after each incorrect response.
The counting of actual reversals started after two in-
correct responses. After that, the stimulus presentation
time was reduced after three consecutive correct re-
sponses, and was correspondingly increased after each
incorrect response (i.e. three-down-one-up algorithm).
An estimate for threshold search time was calculated as
the mean of eight reversals.
Altogether, 3–5 threshold estimates were measured in
each condition per subject (3 for AH, 5 for HO and
RN). The mean number of search trials needed for a
single threshold search time estimate was 48, with a
standard deviation of about 10 trials across observers.
That is, data of 140–240 search trials was measured in
each condition per subject. The measurements for each
condition were repeated in an AB–BA design in order to
minimise the eﬀects of learning and fatigue. Thus, the
conditions were measured alternately proceeding from
condition 1 to 9 (AB) and in the reversed order from 9 to
1 (BA). The control condition was measured at each end
of the sequence.
2.6. Eye movement recordings
Eye movements during the visual search task were
recorded simultaneously with threshold search time
measurement by using an SMI (Sensomotoric Instru-
ments Inc.) EyeLink video eye tracker. The subjects
gaze position was recorded with miniature infra-red
video cameras, while two infra-red LEDs in each camera
illuminated the eyes. The cameras were attached to a
headband worn by the subjects. The sampling rate of the
system was 250 Hz. The eye tracking system was con-
trolled by a separate PC computer running under the
DOS operating system. The eye tracker computer was
interfaced with the previously mentioned stimulus pre-
sentation computer via an Ethernet link. A chin rest was
used to stabilise the observers head and viewing dis-
tance.
The registration of eye movements started simulta-
neously with stimulus presentation and was automati-
cally switched oﬀ when the subject made an eye
movement to the response buttons, when stimulus pre-
sentation ended, or when the mouse button was pressed.
The observers were instructed to make a saccade to the
response buttons as soon as possible after ﬁnding the
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Fig. 3. Eﬀect of phase randomisation (centre frequency of the
randomised one-octave band) on threshold search time (ms). Each
data point includes the data of about 240 search trials (144 for AH).
Horizontal line represents the search time in the control condition,
where no randomisation was done. Viewing distance was 57 cm and
the width of one face was 3.17 deg. Error bars represent the ±one
standard error of the mean.
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the collected data reﬂect real search performance and
not eye movements made after the target was found.
The collection of eye movement data started after the
subject had made two errors in her/his responses. The
eye movement data, thus, represent the behaviour at
near threshold level.
The saccades and ﬁxations were detected automati-
cally by using software provided by the manufacturer of
the eye tracker. A sample was regarded as belonging to a
saccade if either the acceleration or velocity exceeded
their respective thresholds (9500 deg/s2 for acceleration
or 35 deg/s for velocity) for that sample. Other samples
belonged to a ﬁxation. Eye movement data for both eyes
were measured. The eye position data for the dominant
eye of the subjects were used in further analysis.
2.7. Eﬀect of viewing distance
After the original experiment, we made an additional
experiment in order to investigate, whether the search
performance or the utilisation of spatial frequency in-
formation in face search is aﬀected by viewing distance.
We used a threefold viewing distance (171 cm). The
same centre spatial frequencies were used (2, 2.8, 4, 5.6,
8, 11, 16, 23, and 32 c/face width). They corresponded to
1.89, 2.65, 3.79, 5.30, 7.58, 10.42, 15.16, 21.79, and 30.32
c/deg, respectively. Eye movements were not measured
in this experiment.
2.8. Statistical procedure
The data for each subject were analysed separately.
The arithmetic mean of the search time estimates in each
condition and mean values of the eye movement vari-
ables were used in the statistical analysis. The normality
of the data was tested by using the Kolmogorov–Smir-
nov test. Non-parametric tests were used in further
analysis, since the data for threshold search time were
not normally distributed. Data were analysed by using
Friedmans test, which corresponds to the repeated-
measures ANOVA applied to ranks instead of raw
scores (see Howell, 2002, p. 720). Bivariate correlations
between performance data and eye movement para-
meters were calculated by using the non-parametric
Spearmans rho (rS).3. Results
Fig. 3 shows the eﬀect of Fourier phase randomisa-
tion on threshold search time. Search time was an in-
verted U-shaped function of the centre spatial frequency
of the phase randomisation band. The maximum oc-
curred at 8–11 c/face width (see Fig. 3). The location of
the maximum value seems to vary somewhat acrosssubjects. The eﬀect of Fourier phase randomisation is
statistically highly signiﬁcant for all subjects (for RN:
v2Fð9Þ ¼ 31:12, p < 0:001, for HO v2Fð9Þ ¼ 40:20,
p < 0:001, and for AH v2Fð9Þ ¼ 22:86, p < 0:01).
Fig. 4 shows the eﬀect of phase randomisation on the
number of ﬁxations. The eﬀect was statistically highly
signiﬁcant (for RN: v2Fð9Þ ¼ 32:52, p < 0:001, for HO
v2Fð9Þ ¼ 37:71, p < 0:001, and for AH v2Fð9Þ ¼ 25:33,
p < 0:01). The non-parametric Spearmans correlation
coeﬃcients ðrSÞ between threshold search time and the
number of ﬁxations were statistically highly signiﬁcant
(0.914 for RN, 0.952 for HO, and 0.934 for AH,
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Fig. 4. Mean number of ﬁxations per search. Other details as in Fig. 3.
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Fig. 5. Mean ﬁxation duration (ms). Other details as in Fig. 3.
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tions were 0.915, 0.940, and 0.955 ðp < 0:01Þ.
The eﬀect of phase randomisation on ﬁxation duration
is presented in Fig. 5. When compared to control condi-
tion, subject RN had clearly longer ﬁxations (v2Fð9Þ ¼
37:50, p < 0:001) and the pattern somewhat resembled to
threshold search time data. For subject HO the eﬀect was
smaller but statistically signiﬁcant (v2Fð9Þ ¼ 22:22, p <
0:01). However, the eﬀect was not statistically signiﬁcant
for AH (v2Fð9Þ ¼ 3:66, p ¼ 0:933, ns).
Fig. 6 shows the data for saccade amplitude. There
were no statistically signiﬁcant diﬀerences as a function
of Fourier phase randomisation (for RN: v2Fð9Þ ¼ 14:32,
p ¼ 0:111, for HO v2Fð9Þ ¼ 11:14, p ¼ 0:266, and for AH
v2Fð9Þ ¼ 8:96, p ¼ 0:441).Fig. 7A and B show the threshold search times for
subjects HO and RN in the additional experiment where
the viewing distance was 171 cm. Fig. 7C and D show
the comparison of the performance curves for two
viewing distances. The overall pattern of the results was
similar to the results of the main experiment, but the
maximum search times were considerably longer espe-
cially when mid or low spatial frequencies were rando-
mised. In addition, for the longer viewing distance
the maximum of the search times slightly shifted to-
wards lower object spatial frequencies and the tail of the
performance curve towards higher spatial frequencies
was longer. The maximum occurred between 8 and 11
c/face width for the viewing distance of 57 cm, and
between 5.6 and 8 c/face width for the viewing distance
of 171 cm.
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Fig. 6. Mean saccade amplitude (deg). Other details as in Fig. 3.
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We manipulated visual search stimuli consisting of
facial photographs by using Fourier phase randomisa-
tion at narrow spatial frequency bands of diﬀerent
centre frequencies. With increasing centre frequency of
the phase randomised band, the search times ﬁrst in-
creased and then decreased. The number of eye ﬁxations
showed a similar behaviour. The eﬀect of Fourier phase
randomisation on ﬁxation duration varied across sub-
jects. Saccade amplitudes were unaﬀected by phase
randomisation. At a threefold viewing distance (171
cm), maximum search times increased considerably.
Further, the maximum of the search times slightly
shifted to lower object spatial frequencies.4.1. The critical spatial frequencies for face recognition
and face search are the same
Our results show that in the face search task the
randomisation of spatial information around 10 c/face
width has the greatest eﬀect on performance, i.e. these
frequencies are the most critical in the face search task.
The results are consistent with several face recognition
studies made by using low-pass or high-pass ﬁltered
images (e.g. Costen et al., 1996; Peli et al., 1994) and
Fourier phase randomisation and band-pass noise
masking techniques (N€as€anen, 1999). This suggests that
the spatial frequencies used in face perception do not
depend on whether the task is static or dynamic. How-
ever, it should be noted, that in natural visual search
tasks stimuli are far less well organised than in the
present experiments. If the faces are sparsely scattered
across a scene, low spatial frequency information, which
is visible in peripheral vision, probably guides gaze from
face to face. Therefore, in natural search situations low
spatial frequency information may have a larger con-
tribution to search performance than in the present re-
sults. The role of low spatial frequencies and peripheral
vision for less structured search stimuli remains to be
studied in the future.
Since the performance was still possible even when
spatial information in the most critical spatial frequen-
cies was removed, and since there was at least some
eﬀect of phase randomisation at nearly all spatial
frequencies studied (see Fig. 3), we can conclude that
information within a relatively wide range of spatial
frequencies can have some contribution to face search.
N€as€anen (1999) has made a similar ﬁnding in a static
face recognition study.
The increase of the search times as a consequence of
the removal of critical spatial information may result
from the reduction of internal signal-to-noise ratio of
the observer. When the optimal spatial frequencies
cannot be used, the observer must use information at
other spatial frequencies for which the face perception
system is less sensitive. This results in a decrease in the
internal signal-to-noise ratio, which can be compensated
for by increasing the total time the face array is viewed,
which in turn, results in increased search times.
4.2. Eﬀects of Fourier phase randomisation on eye
movements
In terms of eye movements, the increased viewing
time is reﬂected either as the increase in the number of
ﬁxations, or as the increase in ﬁxation durations, or
both. It is also possible that the area, which can be
processed during a single ﬁxation, that is, perceptual
span for faces, decreases in size as a result of the phase
randomisation of critical spatial frequencies. Previous
studies have shown that the perceptual span for reading
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Fig. 7. (A,B) The threshold search time as a function of phase randomisation for the viewing distance of 171 cm. (C,D) Comparison of the per-
formance curves for two viewing distances by replotting the data shown in Figs. 3 and 7A and B in logarithmic scale. Error bars represent the ±one
standard error of the mean. The width of a face was 3.17 and 1.06 deg for the viewing distances of 57 and 171 cm, respectively.
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et al., 2001) diminishes when stimulus contrast de-
creases, which leads to the increased number of ﬁxa-
tions. Similarly, the increased number of ﬁxations found
in the present study suggests that perceptual span for
facial information decreases because of phase ran-
domisation.
The eﬀect of Fourier phase randomisation on ﬁxation
duration varied across subjects (Fig. 5). For subject RN
ﬁxation duration ﬁrst increased and then decreased with
increasing centre frequency of the phase randomised
band, for subject HO there was a smaller but statistically
signiﬁcant increase, and for subject AH the eﬀect was
not statistically signiﬁcant. The tendency towards longer
ﬁxations with phase randomisation of critical spatial
frequencies is qualitatively consistent with earlier stud-
ies, which have reported increased ﬁxation durations
with decreased stimulus discriminability in reading
(Legge et al., 1997) and in visual search (Hooge &
Erkelens, 1996, 1998; Jacobs, 1986; N€as€anen et al.,
2001; see also Hooge & Erkelens, 1999).
The diﬀerent patterns of eye movements between
subjects in our study may also reﬂect the diﬀerences in
search strategies they used. Subject RN had generally
longer ﬁxation durations especially in conditions where
mid spatial frequencies were manipulated. On the other
hand, subject HO had slightly more ﬁxations than the
other subjects, but since she had the shortest ﬁxation
durations, her search times were roughly equal to those
of the other subjects.4.3. Viewing distance and performance in visual search for
faces
In an additional experiment with a three times longer
viewing distance (171 cm), we found that the maximum
search times were considerably longer than at the
shorter viewing distance. The search times increased
most when low and mid spatial frequencies were
randomised. In addition, the maximum of the search
times slightly shifted towards lower object spatial fre-
quencies (Fig. 7C and D).
Previously, Hayes et al. (1986) found that the accu-
racy of face recognition with band-pass ﬁltered images
was scale invariant between viewing distances of 2.1 and
8.5 m. In our ﬁndings the scale invariance was not
complete, although the shift of the critical spatial fre-
quencies with threefold viewing distance was larger in
retinal spatial frequencies (c/deg) than in object spatial
frequencies (c/face width). The results of the two studies
cannot be compared directly, since the methods used
were very diﬀerent. Hayes et al. found the best accuracy
of recognition in the same object spatial frequency for
both viewing distances. However, in their results, at
longer viewing distance condition the overall accuracy
was slightly inferior, especially for the highest spatial
frequencies (Fig. 4a, p. 600). Similarly, in our data the
performance was worse for the longer viewing dis-
tance (Fig. 7C and D). Therefore, face recognition does
not seem to be completely scale invariant, although
the critical spatial frequencies are more similar when
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spatial frequencies.
One possible interpretation of the shift of the critical
spatial frequencies towards lower object spatial fre-
quencies found here is as follows. When the retinal
stimulus size decreases, the low-pass ﬁltering of the early
vision increasingly attenuates the highest spatial fre-
quencies in the image. That is, when viewing distance
increases the optical and neural factors start to limit the
availability of information at high object spatial fre-
quencies. The perceptual eﬀect can be demonstrated by
viewing the bottom array in Fig. 2. from the distances of
28.5 and 85.5 cm, which correspond to the angular sizes
used in our experiments. It can be observed that the
Fourier phase randomisation with highest centre spatial
frequency (small ‘‘dots’’ in image) is not clearly visible
from the longer viewing distance. Thus, for the longer
viewing distance, the removal of high spatial frequency
information by phase randomisation has little eﬀect on
performance. This can also be seen as longer tails of the
performance curves towards high spatial frequencies.
We also found that at the longer viewing distance
randomisation of mid and low spatial frequencies af-
fected search performance more than at the shorter
viewing distance (see Fig. 7C and D). This may result
from the reduced amount of information available to
perform the task. When high object spatial frequencies
cannot be used because of the optical and neural limi-
tations, the removal of low spatial frequency informa-
tion by phase randomisation results in a relatively larger
decrement in available information and consequently
performance.
The shift towards lower spatial frequencies in the
spatial tuning function with decreasing stimulus size (or
increasing viewing distance) has previously been re-
ported in studies investigating letter identiﬁcation (see
e.g. Alexander, Xie, & Derlacki, 1994; Chung, Levi,
Legge, & Tjan, 2002; Majaj et al., 2002) and face rec-
ognition (N€as€anen, 1999). Majaj et al. (2002) found that
the identiﬁcation of broad-band stimuli (unﬁltered let-
ters and squarewaves) was size-dependent, that is, at
diﬀerent sizes observers used diﬀerent frequency com-
ponents of the stimulus to identify it. Namely, large
letters and squarewaves were identiﬁed by their high
frequency edges and small letters by their low frequency
gross strokes (see their demo in Fig. 1, p. 1166). Further,
N€as€anen (1999) found that the peak sensitivity for rec-
ognition of synthetic facial images moved from about 10
to 8 c/face width, when viewing distance was four times
longer.
4.4. Conclusions
We found that a relatively narrow band of mid spatial
frequencies is critical in a face search task. The ﬁnding is
consistent with earlier results obtained in less dynamicalface recognition tasks, and supports their ecological
validity. Eye movement measurements showed that the
removal of critical spatial frequencies aﬀects both the
number and duration of ﬁxations, which, respectively,
may be related to the decrease of the perceptual span,
and decreased internal signal-to-noise ratio of the ob-
server. For smaller angular stimulus sizes the critical
band was slightly shifted to lower object spatial fre-
quencies. Therefore, the scale invariance of the elevation
of threshold search time was incomplete.References
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